Abstract: Stable, site-specific immobilization of redox proteins and enzymes is of interest for the development of biosensors and biofuel cells, where the long-term stability of enzymatic electrodes as well as the possibility of controlling the orientation of the biomolecules at the electrode surface have a great importance. Ideally, it would be desirable to immobilise redox proteins and enzymes in a specific orientation, but still with some flexibility to optimise reaction kinetics. In this work, we establish such an approach using site-directed mutagenesis to introduce cysteine residues at specific locations on the protein surface and the reaction between the free thiol group and maleimide groups attached to the electrode surface to immobilise the mutated enzymes. Using cellobiose dehydrogenase (CDH) as a model system, carbon nanotubes electrodes were first covalently modified with maleimide groups following a modular approach based on electrografting of primary amines at the carbon surface and solid phase synthesis methodology to elaborate the surface modified electrode. The CDH-modified electrodes were tested for direct electron transfer (DET), showing high catalytic currents as well as excellent long-term storage stability. The key advantage of this method is its great flexibility, as the main components of the modification can be independently varied to change the local environment at the electrode surface and a wide range of redox proteins or enzymes can be specifically engineered to present cysteine residues at their surface for oriented immobilisation.
Introduction
The immobilization of enzymes at electrode surfaces is fundamental for biosensing and biofuel cell applications, where redox enzymes are used as recognition molecules or catalysts. The use of enzymes in such applications offers advantages, such as extraordinary selectivity toward the reactants, high activity and stability at moderate pH and temperature. [1] Moreover, devices that use enzymes can be completely biocompatible and biodegradable, so that they could serve as implantable medical devices or as environmental, self-powered sensors. [2] However, the realisation of these desirable characteristics is often hampered by poor shelf-storage life and lack of long-term operational stability. [3] In addition, efficient direct electron transfer between the electrode and the redox enzyme is not always achieved, even when theoretically possible, making necessary the use of redox mediators. [4] Using a mediator adds an extra step to the electron transfer chain, usually introducing interferences in a biosensor or lowering the catalytic rate and decreasing the voltage in a biofuel cell. Moreover, mediators may not be biocompatible, preventing the use of biosensors and biofuel cells for applications such as implantable medical devices.
What is the best way to immobilise enzymes at electrode surfaces? There is not a generally agreed answer to this question. However, we can try to specify some attractive features of the ideal immobilisation. First, we should be able to control the orientation of the enzyme at the electrode surface to optimise direct electron transfer without using diffusing redox mediators. Second, the immobilised enzyme should be strongly bound and maintain its activity. Third, the method should be generally applicable, working for a range of enzymes and electrode types. Fourth, the immobilization procedure should be easy to carry out. Finally optimal immobilisation of the enzyme can improve the stability [5] . In this work, we present the results of our recent attempts to meet this challenge. A wide range of methods to immobilise enzymes at electrodes have been described in the literature [6] . They range from the use of reversible physical adsorption and ionic linkages to stable covalent bonds. [3, 7] However, in many case they do not allow control over the orientation of the enzyme at the electrode surface. To address this problem of orientation several selective immobilization methods able to proceed under mild physiological conditions have received increasing attention. [8] Some of these methods rely on the labelling of proteins with an azide moiety, which can then react with alkynes (Huisgen 1, 3-dipolar cycloaddition or "click chemistry" [9] ) or be activated with a phosphine to react with a variety of electrophiles (Staudinger ligation [10] ). For a site-selective attachment, this method also requires the use of an enzymatic site-selective labelling procedure. In addition, activation reagents or catalysts are necessary for quantitative reaction yields. A promising recent example is the use of the thiol-ene click reaction to attach a cysteine tagged enzyme to a vinyl group at the electrode surface using a tris-(2-carboxylethyl) phosphine catalyst. [11] Another sitespecific immobilization method is given by the introduction of genetically encoded affinity tags in the protein structure, such as the well-known polyhistidine tag (His-tag), typically consisting of six sequential histidine residues that can chelate metals such as Cu(II), Co(II), Zn(II) or Ni(II). [12] However, the strength of the binding interaction is relatively weak (Kd ≈ 1-10 μM) and the selectivity of this method is rather low since several proteins have been identified that are also able to bind metal ions, thus competing with the desired histidine tag. In addition, this method is usually used to attach the tag at either the N-or C-terminus of the polypeptide chain and the His-tag is a bulky group. In the present paper, we adopt a selective immobilization method that employs the coupling of an amino acid residue, namely cysteine, with unsaturated carbonyls, such as maleimide, to form stable thioether bonds (Scheme 1). It has been shown that maleimide groups strongly favour conjugate addition with thiols at physiological pH (6.5-7.5) without the need of any other reagent or catalyst, [13] while under these conditions amines are predominantly protonated and unreactive. [3] Since proteins generally have very few surface-exposed cysteine residues, this method can be highly site-selective if it is combined with sitedirected mutagenesis [14] to engineer the removal of all but one surface cysteine from, or to insert a single cysteine at a chosen location on, the enzyme surface. The absence of the requirement for any added reagent or catalyst for the maleimide thiol coupling reaction and its mild conditions represent a significant advantage making the process very efficient in its use of engineered enzyme. As a model system, we use two genetically engineered cellobiose dehydrogenase (CDH) variants with cysteine at two different locations on the enzyme surface.
Scheme 1.
Reaction of a maleimide group immobilised onto a support with the thiol of a cysteine residue.
Results and Discussion
Glassy carbon electrodes modified with multiwall carbon nanotubes (GC/MWCNT) were chosen as a model for carbonbased electrodes because of their high surface area combined with relatively low capacitance. These were modified with maleimide groups following a method developed in previous work by our group using electrochemical surface attachment and solid phase synthesis methodology. [15] A key aspect of our procedure is the creation of a modified surface on the electrode in a stepwise manner, allowing the single elements of the construction to be independently varied. In this case these elements are a "linker", a "spacer", a "reactive group" and a "passivating group", Scheme 2. The "linker" provides the attachment between the electrode and the rest of the modification connecting to the enzyme: it has two functionalities that allows it to be electrochemically grafted on the electrode surface and then chemically linked with other molecules. The "spacer" can be introduced after the linker to lengthen the linkage; it has two functional groups, one to react with the linker and the other with the reactive group, and it can be of different length. The "reactive group" is the final component in the linkage; it is chemically attached to the linker or spacer through one of its functionalities and has a second functional group suitable to react with the target group on the desired protein or biomolecule. Finally, the "passivating group" is, normally, a small molecule co-grafted at the electrode surface with the linker to form a two-component monolayer on the electrode in order to dilute the reactive groups and provide a film compatible with the surface of the enzyme around the attachment point, thus to reduce denaturation of the protein. A mono-Boc-protected diamine was chosen as the linker due to its efficient electrografting to carbon surfaces through electrochemical oxidation [16] to give a stable attachment. This represents a versatile, modular method for electrode modification since, after removal of the Boc protecting group, a wide range of molecules can be coupled to the amino-modified surface using conventional solid-phase synthesis methodology [17] to build up the desired molecular architecture on the electrode and to tune the electrode properties. [18] A significant aspect of the design is the dilution of the reactive group, maleimide in our case, at the surface and the length of the linkage. Redox enzymes are large, three-dimensional objects with non-uniform surfaces. Dilution of the reactive group on the surface of the electrode and the choice of a suitable length of linkage allows the maleimide to react with the cysteine at the enzyme surface without steric restrictions. [15] Cellobiose dehydrogenase (CDH) [19] was chosen as the model redox enzyme system in this work. CDH is a fungal extracellular redox enzyme that catalyses the oxidation of carbohydrates. It is a monomeric protein, between 85 and 101 kDa in mass depending on degree of glycosylation, comprising two domains, one containing a flavin and the other a haem redox centre. The two domains are joined by a flexible linker of around 20 amino acids that allows the two to come in close contact for internal electron transfer. [20] When CDH is immobilised at the electrode surface it can catalyse the oxidation of glucose by reaction of glucose with the oxidised flavin (FAD + ) to give gluconolactone and the fully reduced flavin (FADH2). In the absence of added redox mediator, the flavin is reoxidised by intramolecular electron transfer to the haem and from the haem to the electrode in two sequential steps going through the semiquinone radical of the FAD cofactor. [21] Current interest in the enzyme derives from its possible application both in biosensors and biofuel cells. [21] The crystal structure of the enzyme is known [22] and it does not have any surface cysteines making it an ideal candidate for site directed mutagenesis to introduce cysteines at specific surface location for immobilisation. In this study, we used two Myriococcum thermophilum cellobiose dehydrogenase (MtCDH) mutants, E522 and T701, with single cysteine residues on the surface of the flavin domain ( Figure 1 ).
Figure 1.
Cartoon representation of secondary structure of Myriococcum thermophilum cellobiose dehydrogenase. The sites of the E522 and T701 mutations are highlighted in blue and green, respectively; the flavin domain with the FAD group in beige/yellow and cytochrome domain with the haem group in pink/red. The amino acids chain linking the two domains is in blue. Note, this is a simplified representation of the location of the two mutations, they are not both present in one enzyme, but in two distinct variants.
The positions for introduction of the cysteine residues were selected to ensure mobility of the cytochrome domain after immobilisation, because the mobility of the cytochrome domain is necessary for direct electron transfer. The cysteine mutation for the variant E522 is on top of the CDH molecule in Figure 1 and requires the cytochrome domain not only to move away from the dehydrogenase domain, but also to rotate to contact the electrode with its haem cofactor. The other position, T701 requires only a small movement of the cytochrome domain and no reorientation of the haem towards the electrode.
Electrode modification and MtCDH Immobilization
GC/MWCNT electrodes were modified with a mixture of two primary amines, Scheme 3, in order to dilute the ultimate number of maleimide groups in the final film. The method for the covalent, site-specific immobilization of cysteine-modified MtCDH on GC/MWCNT electrodes follows previous work in our group. [15] The linker (N-Boc-1,6-hexanediamine) and the passivating group (N-(2-aminoethyl)acetamide) were grafted to the GC/MWCNT electrodes through electrochemical oxidation from an acetonitrile solution containing 10% of the linker and 90% of the passivating group. The electrode potential was held constant at +2 V vs. SCE; at this potential both amines are oxidised forming the corresponding amine radicals. If we assume similar reactivity for the two radicals formed, we expect the ratio of their surface coverages to be similar to the ratio of their solution concentrations. After electrografting, the Bocprotecting group was removed and a six carbon-long spacer was added to the 1,6-hexadiamine linker in order to lengthen the linkage, making it more flexible and accessible to the enzyme, Scheme 3. The six carbon-long spacer was introduced by coupling N-Boc-6-aminohexanoic acid onto the amino-modified surface. Overall, this gives a tether approximately 3 nm long and was chosen to ensure that the maleimide binding group can easily reach the cysteine residue at the CDH surface. After removal of the Boc protecting group, N-maleoyl-β-alanine was coupled to the amino-modified surface to produce the maleimide-modified electrode.
One of the advantages of maleimide is that it couples spontaneously to free thiols in aqueous solution at neutral pH allowing very efficient use of small quantities of purified enzyme. Coupling of the MtCDH variants was carried out by drop casting 3 μL of CDH solution (at pH 7.0) on the electrode and leaving it overnight at 4 °C. Direct electron transfer at MtCDH-modified electrodes GC/MWCNT electrodes modified with the MtCDH E522 variant (see Figure 1 for the structure) were tested for direct electron transfer (DET) by slow scan cyclic voltammetry in 50 mM Tris-HCl buffer, pH 7.4. The position of the electrocatalytic wave agrees with that reported in the literature for adsorbed MtCDH at silver and graphite electrodes and corresponds to DET from the haem to the electrode. [21, 23] Clear evidence that the catalytic current is due to the oxidation of the glucose by the immobilised enzyme is provided by the control experiment using L-glucose, Figure 3 , where upon addition of aliquots to increase the concentration of L-glucose in the cell there is no change in the current (compare each pair of dotted and solid curves), whereas upon each addition of an aliquots of D-glucose to increase its concentration in the cell the current increases (compare the solid curves). This chiral selectivity can only be explained by the catalysis of the reaction by the enzyme. 
Covalent immobilization vs. physical adsorption
To verify that CDH was immobilized at the electrode surface through covalent bonding to the surface cysteine, we carried out a comparison using two different MtCDH variants covalently bound and physically absorbed at GC/MWCNT electrodes. For the covalent immobilization, maleimide-modified electrodes were prepared using the procedure described above, while the physically-modified ones were prepared by simply drop casting 3 μL of the MtCDH solution onto a bare (unmodified) GC/MWCNT electrode. Direct electron transfer was observed for both modification methods in the presence of D-glucose ( Figure 4) . However, the catalytic currents for physically absorbed MtCDH (Figure 4 , green and orange circles) were decidedly lower than the ones for covalent immobilized CDH (Figure 4 , blue and red squares): in particular, the current was about 60% less for the variant E522 and 80% less for the variant T701. Moreover, we can see that the curves of current vs. glucose concentration are the same for the electrodes physically-modified with the two different MtCDH variants. In contrast, for the two covalentlymodified electrodes the curves are different, as expected if the two enzymes are immobilized with different orientations through the cysteine residues located in different positions on the enzyme surface (see Figure 1) . As a final control, a maleimidemodified GC/MWCNT electrode was prepared by reaction with the variant E522 dissolved in a pH 5.5 buffer (50 mM sodium acetate) instead of the normal pH 7 buffer (50 mM phosphate) used in the immobilization procedure. The results of this electrode ( Figure 4 , black squares) are comparable with the ones of the physically-modified electrodes, indicating that at pH 5.5 covalent attachment has not occurred. This is consistent with the fact that the coupling reaction between cysteine and maleimide occurs at neutral pH (6.5-7.5) while at acidic pH the thiol group is not nucleophilic enough to react with maleimide [13, 24] (pK of the cysteine side chain in folded proteins is around 6.8). The results in Figure 4 are consistent with covalent binding of CDH at the maleimide-modified electrodes. The higher catalytic currents obtained with covalently-modified electrodes can be explained by immobilization of a greater quantity of enzyme molecules at the surface and/or the fact that the covalently immobilized enzyme is held in a more suitable orientation for DET as compared to the randomly orientated physically absorbed CDH. The differences between the covalently immobilized variants E522 and T701 reflect differences in the enzyme kinetics for different enzyme immobilization orientations. For the variant E522, the position of attachment is on the top of the CDH molecule ( Figure 1 ) and requires the cytochrome domain not only to move away from the dehydrogenase domain, but also to rotate to contact the electrode with its haem cofactor. In contrast for the T701 variant only a small movement of the cytochrome domain, and no reorientation of the haem towards the electrode, is required. This difference is consistent with the observed higher currents for the T701 variant. As a final test to verify that CDH is covalently bound and not physically adsorbed, we incubated the electrodes in citrate buffer solution at pH 3.5 and periodically tested the response to glucose. Changing the pH to 3.5 leads to protonation of the carboxylic acid groups on the MWCNTs (pKa ~4.5) [26] and CDH (pI ~3.8) [21] which should significantly alter the strength of the physical adsorption of the CDH. In this experiment the activity of the electrode with physically adsorbed enzyme drops to 8% in 6 h whereas that for the enzyme variant immobilised through maleimide remained at 84% over the same period (see Figure S4) .
Stability of the CDH-modified electrodes
The CDH-modified GC/MWCNT electrodes were found to be very stable for long periods showing the same activity after two months (about 40% of the initial activity) as after one week from the preparation, Figure 5 . Note that the enzyme immobilised at the maleimide electrode is much more stable than the control for the adsorbed variant E522 at an unmodified GC/MWCNT electrode, where the catalytic response decays much more rapidly. After the initial decrease in activity, the covalently modified electrode maintained roughly the same activity for a period of at least two months when stored at 4 °C wet with the same buffer used for the tests (50 mM Tris/30 mM CaCl2, pH 7.4). The small fluctuations in the activity observed during the test are probably due to experimental factors, such as slightly different temperature or concentration of glucose.
The significant initial decrease in activity during the first week for the maleimide immobilised enzyme can be accounted for by desorption of physically absorbed CDH as well as the possible loss of the haem group from bound enzyme, which would make some CDH molecules unable to undergo DET. Note, we do not attribute the decrease in response to loss of MWCNTs from the GC electrode surface as separate experiments (see Supplementary Information) show no change in the capacitive background currents for the electrodes over the same period. 
Conclusions
In this paper we have presented a flexible and structured approach to the oriented immobilization of redox proteins and enzymes at electrode surfaces based on the use of site directed mutagenesis to introduce cysteine residues at specific locations on the enzyme surface and reaction between the free thiol and a maleimide group on the electrode surface. Using electrografting of mixed solutions of primary amines we are able to form mixed monolayers at carbon electrode surfaces where the majority component is a passivating group, in the present case N-(2-aminoethyl) acetamide, and the minority component is a monoBoc protected diamine, in this case N-Boc-1,6-hexanediamine. Subsequent removal of the Boc protecting group and coupling to the resulting free amine at the surface, using solid state synthesis methodology, then allows a spacer to be added, in the present case 6-aminohexanoic acid, followed by the reactive group, maleimide. In this way, the modular construction of the surface modifying layer allows independent control over the local environment around the enzyme attachment site through choice of the passivating group, the length and chemistry of the linking chain, and orientation of the enzyme through choice of the mutation site. The maleimide/thiol coupling reaction is attractive in this context because it occurs spontaneously in aqueous solution at neutral pH, therefore ensuring efficient use of the genetically engineered enzyme.
Using two variants of Myriococcum thermophilum cellobiose dehydrogenase we have shown that this approach leads to stable attachment of the enzyme to the electrode surface and that the immobilised enzyme is active for the electrochemical oxidation of D-glucose without added redox mediators.
Comparison of the two different MtCDH variants shows that the position of the mutation on the enzyme surface affects the measured catalytic currents.
Experimental Section
General: The chemicals used for the covalent modification of electrodes:
were purchased from Sigma-Aldrich. N-Boc-6-aminohexanoic acid and Nmaleoyl-β-alanine were synthesised as described below in collaboration with Dr Marloes Peeters at the Queen Mary University, London. Buffer solutions were prepared with Tris base and sodium phosphate monobasic (Sigma-Aldrich), calcium chloride (Fisher Scientific) and titrated with hydrochloric acid (37%, BDH) and sodium hydroxide (laboratory grade, Fisher Chemical). D-and L-glucose were purchased from BDH. The solvents acetonitrile (HPLC grade), 1,4-dioxane (laboratory grade) and dimethylformamide (DMF, laboratory grade) were purchased from Fisher Chemical.
Myriococcum thermophilum cellobiose dehydrogenase variants (MtCDH) were recombinantly expressed in Pichia pastoris. The plasmid pMt1 [27] was used as template for the amplification of Myriococcum thermophilum cellobiose dehydrogenase cDNA. Variants of M. thermophilum CDH harbouring the single mutation E522C or T701C, were introduced using PCR with the primes (E522CFw1: GAGGACCAATTGTGTGTCGTTGCCGCTTCTGAGAAGG; E522Rv1: CAATTGGTCCTCTGGTCCA; T701CFw1: GTTCCCAAACTCTTGTATTACCCCACGTGAGTATGTCG;
T701Rv1: AGAGTTTGGGAACAACCAGGTC).
Linearized plasmids were transformed into electro-competent Pichia pastoris X-33 cells and transformants were selected on YPD zeocin plates (1mg L -1 ). The best P. pastoris clones were screened by deep-well-plate microfermentation according to Sygmund et al. [28] Production of the CDH variants was performed in a Sixfors bioreactor (Infors HT, Bottmingen, Switzerland) similar as previously described. [29] The CDH variants were purified by hydrophobic interaction chromatography and anion exchange chromatography according to a published procedure to homogeneity. [30] The CDH variants were stored in 50 mM sodium acetate buffer (pH 5.5) at -30 °C.
All electrochemical solutions were prepared with reagent grade water (18 MΩ cm) from a Purite purification system. Pureshield argon (BOC) was used to purge electrochemical solutions as stated. Electrochemical measurements were performed in glass cells using a standard threeelectrode arrangement, with either a µAutolab type III or an Autolab PGSTAT 302 (Ecochemie, Netherlands). A platinum gauze was used as a counter electrode and a home-made saturated calomel electrode (SCE) as the reference. Glassy carbon (GC) working electrodes (0.071 cm 2 ) were fabricated from 3 mm diameter glassy carbon rod (HTW Hochtemperatur -Werkstoffe GMBH, Germany) sealed in glass and contacted by copper wire using melted indium (Aldrich). Prior to modification, the electrodes were polished by using silicon carbide polishing paper (grade 1200), then alumina slurries (1.0 and 0.3 µm, Buehler) on polishing cloths (Buehler), followed by sonication for 5 min in deionised water and ethanol. GC electrodes were modified using a 1 mg/mL DMF dispersion of multi-walled carbon nanotubes (MWCNT, > 8 % carboxylic acid functionalised avg., 9.5 nm diameter, 1.5 μm length, Sigma-Aldrich). 5 µL of the MWCNT dispersion were placed onto the clean surface of each GC electrode using a plastic mask of the same dimension as the GC disc to control the spread of the CNT dispersion, and allowed to dry at room temperature for 2 days. 5 µL of the dispersion was used as this gives a reasonably uniform MWCNT coverage (see Supplementary Information).
Boc-protection of 6-aminohexanoic acid (6C-spacer): 6-aminohexanoic acid (500 mg, 3.8 mmol, 1 eq.) was dissolved in a solution of 1.5 mL of water, 1.5 mL of methanol and 1 mL of triethylamine (TEA, 7.2 mmol, 1.9 eq.). Di-tert-butyl dicarbonate (1.362 g 6.2 mmol, 1.6 eq.) dissolved in methanol was added slowly. The solution was stirred at 55 °C overnight. The methanol was removed at the Rotavapor and two consecutive extractions in water/ethyl acetate (50:50) were performed: the first at neutral pH, the second by acidifying the solution with HCl. The organic phase was dried with magnesium sulphate, filtered on paper and the solvent was removed at the Rotavapor and under vacuum pump. Synthesis of N-maleoyl-β-alanine: Maleic anhydride (4.97 g, 51 mmol, 1 eq.) and β-alanine (4.59 g, 51 mmol, 1 eq.) were dissolved in acetic acid (37 mL). The solution was stirred and heated to reflux for 90 min. Then toluene was added to lower the boiling point and the solvent was removed at the Rotavapor (50 mbar). An extraction in water/ethyl acetate (50:50) was performed, the organic phase was desiccated with magnesium sulphate and filtered on paper. After removing the solvent on the Rotavapor and under vacuum pump, the product was recrystallized in ethyl acetate and left in the freezer overnight, then filtered on Buchner, washed with ethyl acetate and dried under vacuum pump. 
Immobilization of MtCDH variants:
The storage buffer of the enzyme was exchanged from pH 5.5 acetate (50 mM) to a pH 7.0 phosphate buffer (50 mM) using mini dialysis devices provided with a PES membrane (Fisher Scientific) with 10 kDa cut off. After dialysis, 3 μL of the CDH variant of choice was placed on each maleimide-modified electrode, which was then stored in the fridge (4 °C) overnight.
Analysis of CDH-modified GC/MWCNT electrodes: Cyclic voltammetry measurements of CDH-modified electrodes were carried out in 50 mM Tris buffer (pH 7.4), containing 30 mM CaCl2. All solutions were deoxygenated by bubbling gas argon for 30 min before applying potential, and for a few minutes after every addition of glucose from a 1 M stock solution (in the same buffer used for the measurement). CVs were carried out using the Nova 1.10 software, normally sweeping the potential at 1 mV/s from -0.35 to 0.1 V vs. SCE. The data were analysed using Origin 9 software. 
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